Abstract: The present study describes development of a non-enzymatic amperometric sensor for detection of H2O2 based on MnCO3 thin film electrodes. The film was deposited on electroconductive FTO coated glass substrates using simple chemical bath deposition method. The phase composition of the thin film was confirmed by X-ray diffraction analysis. The electrochemical properties and the sensor sensitivity towards H2O2 were examined using cyclic voltammetry and chronoamperometry in 0.1 M phosphate buffer solution with pH = 7.5. It was revealed that the sensing mechanism is based on electrocatalytic oxidation of H2O2, involving Mn species as redox mediators. According to the results, the best sensor response towards H2O2 was found at E = +0.25 V, with detection limit and sensor sensitivity of 10.0 µM and 2.64 µA cm -2 mM -1 (for the range of 0.09-1.8 mM), respectively, associated with R 2 = 0.999.
INTRODUCTION
HIS research contributes to the application of manganese(II) carbonate (MnCO3), which already demonstrated interesting behaviour when used for preparing electrochromic materials, [1] as a precursor for synthesizing perovskites applied in high temperature solid oxide fuel cells, [2] and especially as an electrode material in supercapacitors. [3] [4] [5] [6] [7] The possibility of controlled deposition of uniform MnCO3 thin films on FTO-coated substrates, [1] makes this material eligible to be studied as a working electrode in electrochemical systems for hydrogen peroxide (H2O2) sensor applications. H2O2 is an important substance that finds a wide use in various fields. Its oxidizing properties enable application in chemical and petro-chemical industry as a strong oxidizer, bleaching agent, disinfectant and propellant. [8] [9] [10] [11] [12] [13] [14] H2O2 is also used in medicine, pharmacy, cosmetics, food and beverage industry. [10, [13] [14] [15] [16] Apart from industrial applications, H2O2 is also important for the living cells. [17] It is well established that H2O2 is formed as a product in the mitochondria due to enzymatic reactions that involve free radicals. [17, 18] Moreover, the increased mitochondrial production of H2O2 causes cytotoxic effects [11, 13, 18, 19] through activation of several classes essential signalling proteins that compromise the cell reproduction, causing diseases such as cancer, diabetes, cardiovascular and neurodegenerative disorders. [17, 20, 21] The presence of H2O2 in the cells is significantly detrimental and commonly responsible for proliferation, apoptosis and/or necrosis of the cells, which depends on the cytosolic steady state concentration. [18, 20] From this point of view, an accurate and precise quantification of H2O2 is substantially important. Hence, an enormous research strive is in progress in order to develop simple, efficient and reliable methods for detection and quantification of H2O2 at relatively low concentrations in biological fluids. [17] There are numerous methods for detection and quantification of H2O2. These include redox titrations, [22] chemiluminescence, [23] [24] [25] [26] fluorescence and fluorimetry, [27] [28] [29] spectrophotometry, [30] [31] [32] chromatography [33] and electrochemistry. [13, 34] The electrochemical sensors are based on sensing either reduction or oxidation T of H2O2 and they were shown to provide the most satisfactory level in terms of low detection limit, selectivity, simplicity and cost-effectiveness. [13, 16, 17, 20, 34] The electrochemical sensors can be either enzymatic or non-enzymatic types of sensors. The enzymatic electrochemical sensors are based on immobilization of enzymes on the sensor surface. Many scientists reported that these types of sensors are successful for detection of H2O2, showing relatively low detection limits, high sensitivity and selectivity. [35] [36] [37] [38] [39] [40] Unfortunately, these sensors are facing with significant drawbacks such as instability, high costs due to use of expensive chemicals, complicated enzyme immobilization procedures, denaturation of enzymes, limited lifetime and poor reproducibility. [35] [36] [37] [38] [39] [40] In contrast, the non-enzymatic electrochemical sensors based on transition elements that are simpler in design are proven to be reliable with high sensitivity and selectivity and quick response, suitable for detection in wide concentration range of the analyte and provide satisfactory low detection limits. These types of sensors usually include manganese oxides in form of nanosheets, [42, 43] nanocomposites, [44] [45] [46] thin films, [16, 47] nanoparticles, [16, 48, 49] nanowires, [20, 50] nanofibers, [9] nanorods [51] and microspheres [15] combined with carbon nanotubes, [44, [52] [53] [54] [55] carbon nanofibers, [49] graphene, [20, 53, 56] graphene oxide, [12, 54, 57] ordered mesoporous carbon, [10] carbon foam, [42] carbon cloth, [8] etc.
The present paper demonstrates development of a novel, simple, non-expensive electrochemical and nonenzymatic amperometric sensor based on MnCO3 thin film electrode for efficient selective detection and quantification of H2O2. The proposed H2O2 sensor is reliable, stable and robust even after being used for several dozens of times. Due to its relatively high detection limit towards H2O2 (10.0 µM), regrettably this sensor cannot find use as potential candidate for detecting H2O2 in biological systems. However, we are strongly encouraging its potential application for detecting H2O2 in the chemical, pharmaceutical and food and beverage industry and investigations in that direction are currently in progress by our research group.
EXPERIMENTAL SECTION
Commercially available fluorine doped tin oxide (FTO) coated glass substrates with dimensions of 20 × 3 mm and electric resistance of 10-20 Ω cm -2 were used as working electrodes. The thin films of MnCO3 were deposited using a previously described chemical bath deposition method (see Figure S1 from Supplementary material) where the thickness of the film is dependant from the deposition time, according to Figure 1 . [1] The films were deposited with a thickness of 75, 100 and 150 nm. Phase identification of the synthesized MnCO3 thin film was performed by Rigaku Ultima IV X-Ray diffraction instrument. CuKα radiation was used in the 2θ range of 10°-70°. The electrochemical measurements were carried out using microAUTOLAB II potentiostat (Eco, Utrecht, Netherlands) and conventional three electrode system consisting of working electrode (MnCO3 thin film deposited on FTO substrate), reference electrode (KCl saturated Ag/AgCl) and Pt wire as auxiliary electrode. Constant surface area on the working electrode was accomplished using silicone adhesive, heating glue gun and microscope slide (see Figure S2 from Supplementary material). This step was carried out to enable comparison of current density -j / Acm -2 values and prevent any interference of the electrode surface on the current density. Cyclic voltammetry and hydrodynamic chronoamperometry were used for testing the sensing properties of the thin film modified electrodes towards H2O2. All electrochemical measurements were performed in a phosphate buffer solution -PBS (KH2PO4/K2HPO4) with c = 0.1 M and pH = 7.5. The pH of the buffer solutions was measured using pH-meter (model Voltcraft pH-100 ATC). The PBS was prepared using double distilled water with conductivity <5 µS cm -1 . The electrochemical measurements were carried out in a glass cell with 50 mL volume of PBS and under constant stirring of the electrolyte with 200 rpm. The H2O2 used for the electrochemical measurements was prepared always fresh through dilution of concentrated hydrogen peroxide solution (w = 25 -30 %), and added in always freshly prepared PBS up to approximate concentration of 0.5 M. The exact concentration of H2O2 in the PBS stock solution was determined right before each electrochemical measurement through conventional permanganate titration method. [22] The electrochemical measurements were performed by injection of precise volume aliquots from the PBS stock solution into the electrochemical cell using micropipette. The following chemical compounds were Croat. Chem. Acta 2018, 91(4), 567-575 tested for possible interferences of the thin film modified electrodes with respect to H2O2: D-(+)-glucose, sodium citrate, potassium chloride and sodium nitrite. All electrochemical measurements were performed at room temperature in ambient conditions. All reagents used during the experiment were of analytical grade purity and purchased from Alkaloid AD -Skopje.
RESULTS
The phases of the thin films were identified using X-Ray Diffraction (XRD) analysis by separately recording diffractograms on the following samples: a) the precipitate from the chemical bath, b) the thin film deposited on a FTO coated substrate and c) the bare FTO coated substrate. Figure S3 (from Supplementary material) shows the recorded XRD patterns. The XRD patterns of the thin film deposited on the FTO coated substrate show a combination of patterns from both, the precipitate and the FTO layer (see Figure S3b from Supplementary material), respectively. Moreover, some of the patterns from both materials are overlapped (see Figure S3b from Supplementary material). The XRD results indicate that the thin film is chemically and structurally identical with the precipitate from the chemical bath and corresponds to well crystalized rhodochrosite phase manganese(II) carbonate (JCPDS 83-1763). In addition, it was also confirmed that the patterns of the FTO layer (see Figure S3c from Supplementary material) correspond to SnO 2 (JCPDS 46-1088).
The electrochemical measurements that were conducted by cyclic voltammetry were performed into four stages where all the examined MnCO3 films were deposited with thickness of 75 nm, unless stated otherwise.
In the first stage, the possible electrochemical interference of the silicon adhesive used for providing constant surface area of the working electrode was tested if results in electrochemical response. The cyclic voltammetry was conducted on a completely covered FTO coated substrate (with the mentioned adhesive) and it was proved that the adhesive is not electroactive in the potential window from -1.0 to +1.5 V in the presence of H2O2 and in a PBS (see Figure S4 from Supplementary material).
In the second stage, the electrochemical response of H2O2 at the FTO layer was examined. Figure 2 shows repetitive cyclic volammograms of FTO electrode in the potential range of -1.0 to +1.5 V, in the absence and in the presence of H2O2 over the concentration interval from 0.05 to 5.0 mM, respectively. The voltammogram recorded in the absence of H2O2 shows a polarization curve of the FTO electrode in the PBS with a small reductive peak in the interval -0.6 to -1.0 V (Figure 2 ), for which is considered that is associated with the reduction of dissolved oxygen in the PBS. In the presence of H2O2, typical anodic and cathodic processes take place, corresponding to the oxidation of H2O2 at potentials more positive than +1.20 V, and reduction at more negative potentials than -0.25 V (Figure 2) . Obviously, the electrode reactions at bare FTO electrode are sluggish, requiring large overpotentials.
In the third stage, the electrochemical activity of the MnCO3 thin film was examined. intricate redox reaction/s between polyvalent Mn species and H2O2. Thus, it is assumed that the sensing mechanism is most probably based on the interaction of the mentioned redox active species.
In the last fourth stage, the electrochemical activity of the MnCO3 film in the presence of H2O2 at c = 5.0 mM, was investigated at different scan rates 1, 5, 10 and 20 mV s -1 (see Figure 4) . Note that Figures 4a and 4b are separate set of cyclic voltammetry measurements carried out at the same experimental conditions, where the only difference is in the scanning direction in terms of the start potential. These experiments have been carried out in the potential range from +0.20 V to +1.25 V in order to focus only on the transformations where Mn species and H2O2 are involved, thereby avoiding the reduction of H2O2 at potentials bellow -0.25 V. It was discerned that the shape of the voltammograms is almost unaffected by the scan rate i.e. the trend remains the same. In addition, it was also discerned that the shapes of the voltammograms are not affected either by the starting potential of the cyclic voltammetry experiment. This is evidenced and concluded by comparison of the voltammograms shown in Figure 4a and 4b. The more positive starting potential of +1.20 V (see Figure 4a ) and the less positive starting potential of +0.20 V (see Figure 4b ) compared to the anodic peak potentials (see Table 1 ) did not influenced the shape of the recorded voltammograms.
The amperometric response of the sensor as a function of the H 2O2 concentration was examined at potentials of +0.15, +0.20, +0.25 V in the concentration interval from 0.09 to 20.0 mM, aiming to find the optimal potential in order to maximize the detection limit, the linearity, the sensitivity and the response time. The cyclic voltammograms shown in Figure 3 indicate that the peak potential of the H2O2 catalytic response falls in the potential range from +0.60 up to +0.75. Figure 5 shows hydrodynamic chronoamperograms recorded at +0.25V in 0.1 M PBS with different increasing concentrations of H2O2 on: a) bare FTO electrode and b) MnCO3 thin film electrode. From Figure 5 it can be seen that the chronoamperometric measurement under positive potentials showed no amperometric response of the bare FTO electrode, which confirms that the MnCO3 exhibits a strong electrocatalytic activity towards H2O2. It was revealed that the best chronoamperometric results at potential of +0.25 V are obtained over the concentration interval from 0.09 to 1.8 mM with the sensitivity of 2.64 µA cm -2 mM -1 and R 2 = 0.999 (see Figure 6 ). The detection limit was found to be 10.0 µM (see Table 2 ) and the average response time was 3 s. The chronoamperometric measurements at potentials +0.15 V and +0.20 V resulted in significantly poorer values in terms of the detection limit, sensitivity and a concentration interval with a linear response (see Table 2 ). The durability tests of the MnCO3 thin films as sensor for H2O2 showed that each sensor could be used for approximately 50 measurements. For measurements, more than 50 times, it was found that the MnCO3 thin film detaches from the FTO electrode due to deficient adhesion properties of the thin film to the FTO substrate. In addition to the chronoamperometry at positive potentials, the sensor was also tested at negative potential of -0. 150 nm were also examined with chronoamperometry at applied potential of +0.25 V and poor results were obtained in terms of their detection limit and sensitivity due to the low electric conductivity of the material with higher thickness (see Table S1 from Supplementary material). Finally, the amperometic MnCO3 thin film sensor was probed for possible interference with different important ions and compounds. The following ions have been tested as a possible interfering substances to the sensor operating under anodic conditions: Na + , K + , NO2 -, Cl -, citrate ions and D-(+)-glucose. Aqueous solutions of these substances were injected in situ as calculated aliquots in the system sequentially (one by one) after an aliquot of H2O2. After the injection of each substance, an aliquot of H2O2 is again injected in order to estimate that the sensor is still stable and functional. The amperometric response of these interfering species is negligible and comparable to the common noise at the working potential of +0.25 V (see Figure S7 from Supplementary material). The H2PO4 -and HPO4 2-ions present in the PBS are also proven not to interfere significantly during the electrochemical experiments, at the same applied potential of +0.25 V (see Figure 2) . Figure 6 . Current density vs. H2O2 concentration in the total examined range and calibration plot of the current density vs. H2O2 concentration over the interval from 0.09 to 1.8 mM. 
DISCUSSION
The simple chemical bath deposition method that was used to modify the FTO electrode has proven to be reliable and reproducible, allowing us to synthesize the same MnCO3 material each time by strict time dependant thickness of the films, according to Stojkovikj et al (see Figure 1) . [1] According to the electrochemical results from the cyclic voltammetry measurements, it may be summarized that the oxidative processes, giving rise to an anodic voltammetric tail, undergoes at potentials more positive than +1.10 V. Moreover, it is assumed that this is attributed to the different Mn species. [37, 41] Figure S5 (from Supplementary material) shows typical cyclic voltammogram of FTO electrode covered with MnCO3 thin film in PBS (pH = 7.5) in the absence of H2O2 and a voltammogram of bare FTO electrode, added for comparison. These cyclic voltammograms indicate that there is also an electrochemical activity in the potential window from -0.25 to +1.0 V, possibly caused by oxidation of Mn(II) into Mn(III) or Mn(IV) species involving processes further described with Equations (4) and (5). On the other hand, the working electrode modified with MnCO3 thin film exhibits a complex electrochemical behaviour in the presence of H2O2, at the entire tested H2O2 concentrations, i.e. from 0.05 to 5.0 mM (see Figure 3) . The voltammograms feature the same, uncatalized cathodic processes as at the bare FTO electrode at potentials more negative than -0.25 V. However, in the anodic part of the voltammograms, at potentials more positive than +0.25 V, a new, broad anodic peak is observed due to catalytic oxidation of H2O2 at MnCO3 thin film electrode. Interestingly, the latter anodic peak is formed in both forward and reverse potential scans. Hence, this phenomenon is being more strongly emphasized at concentrations of H2O2 above 0.5 (see Figure 3) . Such peculiar voltammetric behaviour is considered that occurs as a consequence of the intensive catalytic processes between the polyvalent manganese species and H2O2. [20, 44, 48] Concentrations of H2O2 above 30 mM caused formation of ill-shaped cyclic voltammograms ( Figure S6 from Supplementary material) due to the process of dissolving of the MnCO3 thin film in the electrolyte, revealing the upper limit of the MnCO3 thin film electrode considered as an electrochemical sensor. In a general context, the electrochemical transformation of H2O2 at the MnCO3 thin film electrode must be affected by mass transfer phenomena of H2O2, as well as by a possible intercalation processes related to K + ions from the electrolyte solution into the thin film structure. [8, 55, 58] The electrocatalytic mechanism could be however rationalized by considering several known chemical and electrochemical transformations of manganese species. [44, 48, 53, 58] Based on that a plausible sensing mechanism is proposed and discussed for the MnCO3 thin film H2O2 sensor. First, the process of a slight dissolving and dissociation of MnCO3 in the vicinity of the thin film modified electrode surface has to be considered [see Eq. (1)]. This reaction is simultaneously accompanied with formation of Mn(OH)2 in the slightly alkaline medium at pH = 7.5 [see Eq. (2)].
It is considered that the Mn(OH)2 in presence of H2O2 is chemically and/or electrochemically oxidized into Mn2O3, [see Eqs. (3) and (4), respectively]. This assumption is supported by the fact that Mn2O3 is thermodynamically the most stable manganese form at pH ≥ 7. [44, 48] 2Mn(OH)2 + H2O2  → Mn2O3 + 3H2O (3)
The electrochemical oxidation of Mn(III) species into MnO2 is another possible process taking part in the sensing mechanism of H2O2 and it is described with Eq. (5). [12, 44, 48, 58] Mn2O3 + 2OH - → 2MnO2 + H2O + 2e -
It is considered that MnO2, as a product of the electrode reaction is involved into chemical redox reactions in presence of H2O2 [see Eqs. (6) and (7)] to form Mn(II) and Mn(III) species. Thus, MnO2 acts as a redox catalysts for electrocatalytic transformation of H2O2. The proposed reaction [Eq. (6) ] is in agreement with the work of Luo et al. [58] They showed that MnO2 nanoparticles directly oxidize H2O2 to form O2 and Mn(II) species. It is considered that the same oxidation process of H2O2 is taking place even when Mn(IV) species are reduced in the diffusion layer to Mn(III) species [see Eq. (7)] [53] , thereby taking into account that Mn(III) species are thermodynamically the most stable species at pH ≥ 7. [44, 48] MnO2 + H2O2  → Mn(OH)2 + O2 (6) 2MnO2 + H2O2  → Mn2O3 + H2O + O2 (7) Therefore, the electrode reaction [Eq. (5)], coupled with the follow-up redox reactions [Eq. (6) ] and [Eq. (7)], complete the scheme of a typical catalytic, regenerative electrode mechanism of the EC' type, where Mn(IV)/Mn(III) and Mn(IV)/Mn(II) redox couples serve as redox mediators, shuttling electrons between H2O2 and the electrode. Our findings are in agreement with the report of Cui et al. [12] They showed that MnO2/RGE/P25 nanocomposites exhibit a broad oxidation peak at +0.71 V vs. SCE in a PBS (pH = 8, c = 0.1 M) in presence of 0.1 mM H2O2 and they have assigned this oxidation to the electrochemical oxidation of Mn(II) and Mn(III) species, formed in analogous reactions as described with Eqs. (6) and (7). In all experiments, the anodic peak is formed in both forward and reverse potential scans, the peak current and potential values are listed in Table 1 . The peak potential of the anodic peaks is slightly shifted towards more positive potentials by increasing the scan rate from 1 to 20 mV s -1 (see Table 1 and Figure 4) . Evidently, at a low scan rate and a large H2O2 concentration the electrocatalytic sensing mechanism proceeds at significant rate, maintaining steady-state conditions at the electrode surface. Thus, causing the voltammetric curve to follow virtually an identical trace regardless of the starting potential. At very low scan rate (1 mV s -1 ), the peak currents are almost identical for the forward and reverse anodic peaks (Δjp = 6 µA cm -2 ) reflecting a truly steady-state conditions, whereas at 20 mV s -1 , the peak current difference is becoming significant (Δjp = 117 µA cm -2 ). It is assumed that maybe this is due to the drift from equilibrium conditions in the course of the voltammetric experiment (cf. Table 1 and Figure 4 ) but on the other hand if we consider deeper explanation, we could presume that there are some non-Faradaic i.e. capacitive processes occurring at higher scan rates in the electric double layer. The measured total current presents a sum of the Faradaic current (electrode reaction) and the capacitive current (double layer charging): i = if + ic. The capacitive current is dependent from the scan rate i.e. ic = Cd(dE/dt), where Cd is the double layer capacitance and dE/dt is the scan rate. In conclusion, the current increase and thus significant difference in the peak current values is a consequence to the increase in the capacitive current as the scan rate increases, and this behaviour is only obvious at the highest measured scan rate of 20 mV/s.
The peak-like shape of the response is a consequence of losing the redox mediator species (i.e. Mn(III) and Mn(IV) forms) at potentials more positive than +0.75 V through further electrochemical oxidation to higher-valent manganese species that are catalytically inactive toward H2O2 oxidation. This is supported by the appearance of the strong anodic current in a form of a voltammetric tail at the positive potential side of the voltammogram (cf. Figure 3) . The voltammograms depicted on Figure 3 shows that the peak is rather broad and the increase of the current commences even at potential close to +0.20 V. Therefore, the potential of +0.25 V was selected as an optimal potential for the chronoamperometric experiments as it provides sufficient sensitivity and as well minimizes the possible interferences of concurrent, concomitant oxidative processes.
The results of the chronoamperometric measurements, represented as a dependence of the current density vs. concentration, can be approximated with a linear regression line described with Eq. (8).
where the slope -b/μA cm -2 mM -1 represents the sensitivity of the sensor. On the other hand, the total amperometric dependence in the whole examined H2O2 concentration interval (0.09 -20 mM) actually represents a curved line (see Figure 6 ). It is considered that the reason for this behaviour arises from the complexity of the electrode mechanism, such as possible complications due to H2O2 adsorption, and/or due to the influence of the ohmic drop effect at large H2O2 concentrations and corresponding high current density.
Regarding the processes that are taking place when the working electrode has a function of a cathode, it is assumed that are running only through a reduction of H2O2 without involving Mn(II, III and IV) species present in the diffusion layer. This assumption is based on the conclusion after comparing the voltammograms shown in Figures 2  and 3 . Since the response of H2O2 at negative potentials is virtually identical at bare and MnCO3 modified FTO electrode, one can assume that the reduction of H2O2 occurs directly at FTO electrode surface, excluding any electrocatalytic mechanism involving manganese species. Moreover, the bare FTO electrode exhibits a slightly higher sensitivity towards H2O2 compared to MnCO3 modified electrode (see Figure 7) . However, the amperometric response on the bare FTO electrode towards H2O2 is less reproducible than on the electrode modified with MnCO3 thin film.
CONCLUSIONS
In this paper a novel and simple approach to design a nonenzymatic amperometric sensor for H2O2 quantification based on MnCO3 thin film electrode, has been presented. The films were prepared with a thickness of 75 nm on a surface of FTO coated glass substrates using a simple chemical deposition technique. The methods that were used for characterization of the sensors were XRD, cyclic voltammetry and hydrodynamic chronoamperometry. The XRD analysis confirmed the qualitative chemical composition of the deposited thin films that corresponds to well crystalized rhodochrosite phase MnCO3. Cyclic voltammetry examinations showed that the sensing mechanism consists of catalytic, where polyvalent manganese speciesMn (II, III and IV), serve as redox mediators, transporting electrons between H2O2 and the electrode. Hydrodynamic chronoamperometry measurements were carried out in a wide H2O2 concentration interval from 0.09 to 20 mM, by applying both anodic and cathodic potentials of 0.15, 0.20 and 0.25 V. The best results are obtained at an anodic potential of +0.25 V and concentration range of H2O2 from 0.09 up to 1.8 mM. The lowest obtained detection limit at this potential is 10 µM with sensitivity of 2.64 µA cm -2 mM -1 and a linear calibration plot, R 2 = 0.999. When the sensor is tested in a wider concentration interval of H2O2 (from 0.09 to 20 mM) the linearity of the calibration plot decreases. The selectivity of the sensor was tested in presence of some electroactive species and their amperometric response is negligible and comparable to the common noise at the working potential of +0.25 V. The durability tests of the MnCO3 thin films as sensor for H2O2 showed that each sensor could be used for approximately 50 measurements. Unfortunately, this sensor cannot be applied for detection and quantification of H2O2 in biological systems due to the higher detection limit, but we are encouraging its application in the chemical, pharmaceutical, and food and beverage industry.
